A n agitation index, based on velocity measurem ents obtained from laser Doppler velocimetry or other sim ilar techniques, is proposed as an objective m easure of the effectiveness of a particular agitator in inducing¯ow in a stirred vessel. This index is calcul ated by ® rst generating a cell structure based on the measurem ent grid, and then assigning each velocity to the entire correspondin g cell; the volum e-weighted sum of velocities yields then the agitation index, which represents the volume-average velocity as a percentage of the im peller tip velocity. The usefulness of this objective measure of the quality of agitation in a stirred vessel is illustrated by applying it ® rst to the case where three different agitators have to be graded in term s of effectiveness in inducing¯ow , and then to the case of determining the clearance of two agitators located on the same shaft correspondin g to the optim um liquid circulation. 
INTRO DUCTI O N
Sim ple paddles and later propellers were used for millennia to agitate and mix the contents of vessels; the necessity of optim izing the industrial application of this process led to the developm ent and marketing of a variety of agitators, each one of them deem ed appropriate for particular single-, two-or three-phase systems. An objective means of discriminating am ong the various designs would obviou sly be very helpful when optim izing the m ixing process for particular applications.
How ever, the characterization of the perform ance of each of these im pellers was based mostly either on a qualitative judgement of the extent of¯ow induced in the vessel, based often on mere visual observation, or on som e global characteristic, like for example the mixing time. The experimental techniques used to study¯ow patterns induced by the agitators in stirred vessels include, among others:
· liquid hom ogenization based on simple visual observations 1 ±4 or/and condu ctim etry 5 ·¯ow visualization by laser sheet 6, 7 , by im age processing based on laser sheet illum ination and laser-induced uorescence 8, 9 , or by resistance tom ography 1 0 · by hot-wire anemom etry 11 Laser Doppler velocimetry (LDV) has em erged lately as a very im portant experim ental technique for¯ow pattern studies; it allow s the relatively straightforward determination of the three com ponents of the velocity vector 1 cavern' 1 6 ,1 7 of fast-moving liquid which surrounds the impeller and which is considered as the only¯uid which is agitated to an appreciable extent. It is interesting that little else seem s to have been done to quantify objectively the extent of mixing achieved in a stirred vessel, apart the de® nition of a m ixing index based on condu ctivity measurem ents 1 8 .
In this work, a volum e-weighted m ean velocity and the distribution of velocity-related liquid volum es are proposed as objective m easures of the extent of mixing provided by a given im peller.
DEF INITIO N OF THE AGITA TION INDEX
Instantaneous velocities are usually measured at various points (g ij , i = 1..m, j = 1..n) of a grid (G), mostly on the plane of two opposite baf¯es (h = 08 ) or the m id-plane between two neighbouring ones (h = 458 ); it is assumed that the vessel under consideration conforms to the`standard' 4-baf¯e vessel. These are then numerically averaged to yield the mean (U ijk ) and the r.m.s. (u ijk ) velocity of the k-th com ponent of the local velocity vector (k = r, z, h ). q Institution of Chemical Engineers From these, it is possible to calculate the composite m ean local 2-D (U rz ) or 3-D (U rzh ) velocity for each grid point g ij :
depending on whether two or three of the velocity com ponents (axial, radial and/or tangential) are used.
It is postulated that each such velocity U ij corresponds to a volum e of liquid (V ij ), which is related to the vessel dimensions and the grid point co-ordinates. The volum es corresponding to the whole grid are sum med, so that a volum e-weighted average velocity is obtained:
where the denom inator corresponds approximately to the vessel volume m inus the volume swept by the agitator. Dividing this volume-average velocity by the agitator tip velocity (U tip ) yields the agitation index:
which may be considered as representing the global m ean velocity expressed as a percentage of the tip velocity. If the purpose of an agitator is to induce¯ow inside a vessel, then the agitator index I g is a m easure of its effectiveness: the better the agitator is, the higher the velocities inside the vessel will be, resulting in high I g values.
A side bene® t of this calculation is the determination of the distribution of liquid volumes associated with a particular velocity; this is achieved by sum ming the volum es V ij with related velocities U ij falling in a given velocity range [U low , U up ]:
In principle, it is conceivable that som e agitators will produce different velocity-volume distributions but similar m eans or agitation indices, making it dif® cult to discriminate am ong them; in such cases, the optim um agitator will be the one with a velocity-volume distribution with a larger fraction of vessel volum e biased towards higher velocities.
APPLICATION OF TH E AG IT ATIO N INDE X
In order to illustrate its applicability and usefulness, the agitation index will be calculated for several sets of experimental data.
Com parison of Im pellers
The ® rst set com prises m easurements of radial, axial and tangential velocities performed in a dished-bottom, cylindrical agitated vessel of standard con® guration (H = T ); the experimental details, as well as the data, have already been published 1 2 . Three agitators were used: a 6-blade Rushton turbine, and two propellers, the Lightnin A310 and the M ixel TT. Measurem ents were done in plain tap water and in a 1% (w/w) carboxy methyl cellulose (CMC) solution, which exhibited a non-Newtonian behaviour and had an apparent viscosity (l a ) of 38 m Pa.s. The measurement points were located in the vertical mid-plane between two neighbouring baf¯es (h = 458 ).²
The Rushton turbine
Measurem ents of all velocity com ponents (U r , U z , U h ) were performed at various points (g ij ) on a 10´13 grid; these grid pointsÐ which are show n as crosses in Figure 1 Ð are considered to correspond to 3-D cells c ij , with volum es V ij calculated as shown in the Appendix.
Calculating U rzh (equation (1)) and applying equations (2) and (3) yielded an agitation index of 17.8% , i.e., the global m ean velocity is approximately 18% of U tip . Thus, although som e velocities Ð especially in the exit stream at the tip of the im peller Ð approach the value of U tip , the majority of the induced¯ow in the vessel is considerably lower, with an average velocity Ð for the whole vessel Ð of , 18% of U tip .
Of particular interest is the distribution of volum es related to speci® c velocity subranges; for the purpose of these calculations, subranges of 0.05´U tip were chosen, for exam ple: 0.05´U tip < Ã U # 0.10´U tip . As illustrated in Figure 2 (top), the largest fraction of volume is related to slow¯ow s, with , 80% of the vessel volum e, excluding the agitator-swept region, having velocities less than 0.20´U tip . W hen these calculations are perform ed for the case of the viscous 1% CM C solution, a sim ilar distribution is obtained,
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² It should be noted that, as illustrated by CFD calculations and by measurements, velocities near the baf¯es will be different from those in the intersecting plane; however, the lack of more detailed data forces upon us the assumption that these velocity differences may be neglected without invalidating the de® nition and usefulness of the agitation index. 
Illustration of the cell volume (solid of rotation).
but slightly translated towards smaller velocities, re¯ecting the slowing of the¯ow in the vessel due to the high viscosity of the solution; as a result, the agitation index obtained is
Thus, I g re¯ects imm ediately the change in one of the parameters of the system Ð in this case of the viscosity of the agitated liquid Ð if this has a noticeable effect on thē ow patterns inside the vessel.
The M ixel TT and Lightnin A310 Propellers
These calculations were repeated for two axial-¯ow im pellers, the Mixel TT and the Lightnin A310, again for water and the 1% CMC solution, in the same vessel (results are presented in Table 1 ). As already observed by data analysis 12 , the¯ow induced by these two agitators is considerably slower than the turbine-induced¯ow and this is well re¯ected by the values of the agitation indices, as well as from the distribution of velocity-related volum es (Figur e 3). The usefulness of the agitation index becomes again apparent: the velocity data obtained by laser Doppler velocimetry may be used to obtain an objective characterization of the three agitators for the sam e vessel con® guration and the sam e medium : in water, I g varies from 17.8% for the Rushton turbine to 12.0% for the M ixel TT and to 8.5% for the Lightnin A310. Therefore, it is now possible to grade objectively the perform ance of each one of them, in term s of the agitation achieved .
In the viscous 1% CM C solution,¯ow is slowed down, and this is re¯ected by the lowering of I g in the case of the M ixel TT propeller; for the Lightnin A310, it is interesting to note that the velocity distribution was not appreciably affected (see Figure 3) , yielding the sam e I g for both cases.
It is interesting to note that the cum ulative distributions of velocity-related volumes for each agitator are similar for water and the viscous liquid (Figure 4 ), i.e., it would appear that the performance of each agitator is charact eristic of its design features and depends less on the physical properties of the medium.
At the same time, Figure 4 is illustrative of the relatively low impact that these agitators (in similar con® gurations) have on the vessel contents, with few regions exhibiting velocities higher than 20% of U tip .
Th e Problem of the M issing Data
Checking through the literature, one ® nds that few people have m easured all com ponents of the velocity vector, or have data for the whole vessel; in fact, som etim es m easurements are restricted to a region around the im peller, in order to provide bounda ry conditions for subsequent CF D calculations, whereas often only two of the three
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Tr ans IChem E, Vol 75, Part A, Novem ber 1997 com ponents, usually the radial (U r ) and the axial ones (U z ), are measured. In cases such as the latter, in order to overcom e the problem of the m issing of the third velocity (U h ) data, the two com ponents (U r , U z ) are used to calculate the 2-D com posite velocity (U rz ); all subsequent calculations (equations (2) to (4)) and comparisons among agitators and/or system s are m ade using U rz and the resulting I g(rz) . Figure 5 , which illustrates the parity plots of U rz vs. U rzh for the three agitators and both media, is drawn in order to test the hypoth esis that it is possible to use U rz instead of U rzh . In fact, in the case of the Rushton turbine, the tangential character of the induced¯ow seem s particularly strong and the resulting U rz is therefore som ew hat lower than U rzh , since it lacks the effect of the tangential com ponent. In the case of the two propellers, the tangential feature of the induced¯ow is less signi® cant; in water, the 2-D and 3-D com posite velocities have approximately similar values, whereas in the viscous liquid the effect of the lack of the tangential com ponent becom es more pronou nced.
Bearing these results in m ind, the agitation index calculations were performed again but using U rz instead of U rzh ; the results are presented in the last column of Table 1 . As expected, the agitation indices are slightly lower, since one of the velocity com ponents is missing, but the trend for the three agitators rem ains the sam e. It is therefore concluded that it is possible to use reduced sets of data, i.e., ones having only radial-axial velocity data, if com parisons are m ade consistently am ong agitation indices obtained only with these and not referring to or com paring with values obtained with 3-D velocity values.
Com pari son of Con ® gurations
In the section above, the agitation index was used to differentiate among three agitators, in order to determine the m ost effective in inducing¯ow in a stirred vessel. I g may also be used in other situations, such as when trying to position two agitators on a shaft, so that the optimum con® guration Ð in terms of agitation achieved Ð is obtained. 
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Tall vessels
Tall vessels, i.e., with liquid height greater than its diam eter (H $ T ) are widely used for various applications, e.g. fermenters or gas-liquid reactors. It is obvious that a single agitator is not able to provide suf® cient¯uid m ovement; hence at least a second one has to be used 1 
to a gradual separat ion of the two agitators. In con® guration`A' , a single circulation loop seem s to be established ( Figure 6 ), with two slow-¯ow regions in the upper and lower part of the vessel. As the distance between the two agitators is gradually increased, a distinct circulation loop around each one of them are clearly form ed, with slow-¯ow regions eventually found between them. It is obviou s that m ere visual observation cannot determ ine which one of these con® gurations achieve the optim um liquid circulation in the stirred vessel.
Equations (2)± (4) were applied in each case and the agitation index was calculated for each con® guration; results are presented in Table 2 (for con® guration`C' , I g was determined from both U rz and U rzh , since all three velocity components were determined). In con® guratioǹ A' , the quasi-single circulation loop results in slow¯ows in large regions in the vessel, and this is re¯ected by the low agitation index: I g = 8.1% . As D C gradually increases, a larger fraction of vessel liquid is circulated, and I g correspondingly increases: to 10.6% for con® guration`B' and even to 11.5% for con® guration`C' . This is also illustrated by the distribution of velocity-related volum es ( Figure 7) ; in con® guration`A' , over 70% of the vessel volum e corresponds to slow¯ow , i.e., with velocities # 0.10´U tip ; as D C increases, the distribution is gradually skewed towards higher velocities, indicating that increasingly m ore¯ow moves faster, and this possibly due to a clearer separation of the impeller action, i.e., the establishm ent of two distinctive circulation loops. A further inter-agitator clearance increase Ð con® guration`D' Ð yields interesting results: the value of I g (= 11.5% ) is the same as in`C' , i.e., the two con® gurations seem equivalent. The respective distributions of velocity-related volum es (Figure 7 ) are slightly different, with a slighly larger fraction of the vessel volum e related to small velocities in`D' . Therefore, it seems that separating the two agitators by m ore than D C = T does not yield any appreciable effect, in terms of overall¯ow patterns.
Therefore, the agitation index is capable of discriminating am ong several agitator con® gurations, indicating the one probably yielding the optim um¯ow structure in the stirred vesse l.
Standa rd-height vessels
The poor agitation provided by single impellers has long been recognized; this is especia lly true when agitating viscous liquids, where the upper part of the vessel is little if at all mixed. To counter this, it is often necessary to add a second impeller, to enhance liquid circulation in the upper part of the vessel 21 . In order to illustrate this, experim ents were performed with twin agitators located on the same shaft in standard vessels (H = T ) in a viscous liquid. For these tests, two axial-¯ow Mixel propellers were used, the TT95 (a modi® cation of the TT im peller) and the TTP95 (a m odi® cation, also, of the TTP agitator); their forms are illustrated in Figure 8² . In con® gurations`E' and`F' , a 1% CM C solution (l a = 55 mPa.s) was agitated by either TT95 impellers (`E' ) or TTP95 ones (`F' ); the latter are slightly shorter in height than the TT95 or the original TT agitator. In con® guratioǹ G' , two TT 95 impellers were used to agitate a 2.5% CMC solution (l a = 535 mPa.s). First of all, the effect of the viscosity increase on the¯ow patterns around the impellers is imm ediately noticeable, with a suction zone not only in the upper part of the agitators, as expected , but on the lower part as well; this has already been noticed in single-agitator con® gurations 12 . The proxim ity of the two agitators disrupts this¯ow structure, and the lower suction zone of the upper one disappears, with the ejected liquid being drawn directly into and by the lower impeller. The further increase in viscosity (con® guration`G' ) causes a loss in axial¯ow and an increase in impeller radiality 1 2 , with more¯ow directed radially by the (in principle) axial impeller.
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Tr ans IChem E, Vol 75, Part A, Novem ber 1997 ² It must be noted that clearance of the lowest agitator (C) is measured from the bottom of the vessel to the lowest horizontal plane of the impeller-swept region, whereas the inter-agitator clearance (D C ) is measured between the lowest horizontal planes of the two agitators. The agitation index re¯ects these changes; for con® guration`E' , I g = 12.2% , which is com pared to the 8.8% for the single TT in a 1% CMC solution (Table 1) , i.e., the twinim peller system Ð and with impellers (TT95) slightly larger than the TT Ð yields an enhanced circulation, com pared to the single-im peller case. Using similar but slightly narrower im pellers (TTP95), con® guration`F' , results in a loss of ow circulation: I g = 10.6% . Finally, the use of the same im pellers (TT95) but in a more viscous solution (con® guration`G' ) results in a loss of circulation, again: I g = 7.0% .
As expected, the addition of a second im peller im proved the liquid circulation in the vessel; here, again, further investigation could possibly determ ine the optim um interagitator clearance, as in con® gurations`A' ±`D' ±in fact, industrial applications favour the placem ent of the upper agitator very close to the surface of the vessel 21 , since this is the region with the poorest¯ow .
DISCUS SION
In calcul ating and applying the agitation index, several points should be noted:
· the usefulness of the agitation index lies in its ability to differentiate am ong several possible alternatives, either in term s of type of agitator or in term s of their placem ent in the vesse l, but with overall liquid¯ow patterns principally in m ind; this is an important problem either for agitator m anufacturers, trying to grade their products, or for potential buyers exam ining alternative designs. It is evident that cases involving major sub-processes, like surface aeration, particle dispersion and sedimentation or complex reaction schemes, where the exact location of fast-or slowow ing¯uids are im portant for the overall vessel perform ance, would be outside the scope of application of the agitation index.
· it is obviou s that the grid density, i.e., the number of cells V ij considered, will have an effect on the value of I g , in a similar way that the num ber Ð and volume Ð of cells in a network of cells m ay affect the outcome of stirred vessel simulations 22 ,23 ; ideally, an in® nite number of in® nitely small cells would yield the`true' m ean velocity:
Therefore, it would be interesting to investigate this effect, especially with data from automated 3-D tables, which Figure 7 . Distribution of velocity-related volumes for the four tall vessel con® gurations (see Table 2 for the details); Mixel TT agitators. Data from Baudou 1 .
produce large data sets and greatly facilitate the LDV-datagathering process.
· the large number of data collected by LDV may include errors; therefore, the data consistency should be tested before the I g calculations are performed; one such test would be the calculation of the mass balance around the im peller, e.g. by com paring the am ount of liquid being draw n in and pumped out by the rotating agitator.
· cases of m issing data should be treated according to how much data are m issing: if, for example, a few velocities in the grid have not been m easured, these could be calculated by interpolation, since all available data to date have not indicated any discontinuities in velocity pro® les; on the other hand, if LDV data are available only for some regions, then agitation index calculations should not be performed.
· in calculating I g , all three com ponents of the local velocity vector have been taken as of equal weight, since it is considered that all of them contribute to the establ ishment of the¯ow pattern in the vessel; it is obvious that in the various regions of the stirred tank, axial, radial or tangential ow may be predominant, depending upon the type of agitator used, bu t application of some weighting m echanism would invalidate the objectivity of I g . · ® nally, it would be interesting to exam ine whether the agitation index m ay be correlated to some other global stirred vessel characteristic, like for exam ple the power or¯ow number. How ever, this would necessitate the gathering and compiling of an extensive set of data from various researchers, which is beyond the scope of the present work.
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Tr ans IChem E, Vol 75, Part A, Novem ber 1997 Figure 8 . Variations of the Mixel TT agitator used in the twin-agitator con® gurations (`E' ,`F' and`G' ) in viscous liquids (see Table 2 for details); data from Baudou 1 . Figure 9 . 2-D¯ow maps for various 2-impeller con® gurations, compared to the single-impeller¯ow map; data from Baudou 1 . Figure 10 . Distribution of velocity-related volumes for the standard (H = T ) agitated vessel (see Table 2 for the details); con® gurations`E' ,`F' :
1% CMC, con® guration`G' : 2.5% CMC. Data from Baudou 1 .
